The objective of this study was to evaluate the pharmacokinetics of atazanavir (ATV), saquinavir (SQV), and ritonavir (RTV) in a boosted double-protease inhibitor (PI) therapy regimen without reverse transcriptase inhibitors (RTIs). The study design was as follows. Patients with limited RTI options received a PI combination of 300/100 mg ATV/RTV once daily and 1,000 mg SQV twice daily (group 1; n ‫؍‬ 49) without RTI comedication. The results were compared to the plasma concentrations of PIs of patients taking either 300 mg ATV/100 mg RTV once daily plus RTIs (group 2; n ‫؍‬ 72) or patients taking 1,000 mg SQV/100 mg RTV plus RTIs (group 3; n ‫؍‬ 90). The study methods were as follows. Patients were given a 12/24-h pharmacokinetic assessment at steady state. Drug concentrations were measured by liquid chromatography-tandem mass spectrometry. The minimum and maximum concentrations (C min and C max ), area under the concentration-time curve under steady-state conditions (AUC ss ), elimination half-life, time of maximum concentration and lag time were subject to statistical analysis. The results show that patients treated with ATV/SQV/RTV exhibited significantly high SQV concentrations and moderate enhancement of the AUC ss of ATV in comparison to those of patients of the control groups: for SQV in groups 1 and 3, the geometric mean (GM) of the AUC ss was 22,794 versus 15,759 ng ⅐ h/ml (GM ratio [GMR] ‫؍‬ 1.45; P < 0.05), the GM of the C max was 3,257 versus 2,331 ng/ml (GMR ‫؍‬ 1.40; P < 0.05), and the GM of the C min was 438 versus 437 ng/ml (GMR ‫؍‬ 1.00); for ATV in groups 1 and 2, the GM of the AUC ss was 39,154 versus 33,626 ng ⅐ h/ml (GMR ‫؍‬ 1.16), the GM of the C max was 3,488 versus 2,924 ng/ml (GMR ‫؍‬ 1.20), and the GM of the C min was 515 versus 428 ng/ml (GMR ‫؍‬ 1.21). RTV levels were comparable for all groups. A subgroup analysis detected only marginal differences in ATV plasma exposure if combined with tenofovir-disoproxilfumarate and without it. We conclude that our pharmacokinetic results support the use of a boosted double-PI regimen of ATV/SQV/RTV as a treatment option for patients who need antiretroviral therapy without RTIs.
Therapy options for patients who no longer have treatment alternatives with reverse transcriptase inhibitors (RTIs) due to toxicity or resistance are limited. Boosted double-protease inhibitor (PI) regimens have been described and are currently used in clinics as one therapy option for these patients.
However, the use of boosted dual-PI therapy regimens can be limited by various factors, such as resistance, toxicity, or unwanted pharmacokinetic interactions. Most human immunodeficiency virus (HIV) PIs are metabolized by the same hepatic cytochrome P450 (CYP) isoenzymes. PIs are not only substrates, but induce or inhibit cytochromes to a certain degree. The unwanted pharmacokinetic interactions between tipranavir, inducing CYP3A, and either saquinavir (SQV), lopinavir, or amprenavir led to the recommendation not to use these combinations in patients (4) . Also, fosamprenavir and lopinavir-ritonavir (RTV) should not be used together, as the plasma concentrations of both PIs were significantly reduced when measured at steady state (23) . Other combinations, such as SQV and lopinavir-RTV, are not limited by pharmacokinetic interactions and show a sufficient immunological and virological response even in heavily pretreated patients (45, 46, 47) . As CYP3A4/5 is responsible for at least 90% of the metabolism of SQV and atazanavir (ATV), pharmacological enhancement with low-dose RTV, which is a potent inhibitor of CYP3A4/5, has been extensively described (9, 10) ; the autoinduction of cytochromes leads to changing plasma concentrations over the first 2 weeks of treatment (10, 17, 18) , whereas in the following phase, RTV constantly inhibits CYP3A4/5, with a K i of 0.019 to 0.03 M (10, 15) . In addition, RTV inhibits and induces a number of cytochromes, such as CYP1A2, CYP2C9, CYP2D6, CYP2E1, and CYP3A7, to various degrees (9, 10, 15) . Since it has been shown, at least for SQV, that its metabolism does not consistently rely on CYP1A2, CYP2C9, or CYP2E1 (11), these interactions should play a minor role in the investigated combination. However, if more than two PIs are coadministered, it is difficult to predict drug-drug interactions in such combinations. SQV, for example, is also a substrate of P-glycoprotein, which is inhibited by RTV, and therefore shows markedly enhanced plasma concentrations in animal models, as discussed previously (19-21, 33, 49) , although the impact on bioavailability and metabolism in humans may be restricted (7) . SQV mesylate is an established PI with well-described pharmacokinetics, safety profile, and efficacy, currently available as a 500-mg tablet formulation (2).
RTV-boosted SQV has been approved for the twice-daily dosage of 1,000/100 mg SQV/RTV (27; Fortovase product information, 27898325-702, Roche Laboratories Inc., NJ, 2002; Invirase product information, 27898310-702, Roche Laboratories Inc., NJ).
ATV is an azapeptide PI which shows good bioavailability and plasma protein binding of about 86%. ATV is a substrate and an inhibitor of CYP3A4/5 (38) and demonstrates nonlinear pharmacokinetics with greater than dose-proportional increases in the area under the concentration-time curve (AUC) and the maximum concentration (C max ) within the dosing interval over the dose range of 200 to 800 mg. When coadministered, low-dose RTV significantly enhances ATV plasma levels (29; Reyataz product information, F1-B001-06-03, 2003, Bristol-Myers Squibb Company, Princeton, NJ).
ATV is the least likely HIV PI to contribute to dyslipidemia (6) . Also, ATV shows a nonoverlapping resistance profile with SQV for HIV type 1 (HIV-1) protease (14) . The unique I50L primary mutation for ATV in previously PI-naïve patients does not change or may even enhance the susceptibility of the virus to SQV and other PIs (8) . The ATV dosage in different therapy regimens has been either 400 mg unboosted (35) or 300 mg ATV boosted with 100 mg RTV once daily, plus nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs) (Reyataz product information, F1-B001-06-03, 2003, Bristol-Myers Squibb Company, Princeton, NJ).
In addition to the pharmacological interactions apparent in PI combinations, resistance or toxicity can limit the therapeutic options of boosted dual-PI regimens (13, 32) . Thus, the goal of this observational study was to evaluate the steady-state pharmacokinetic interactions and safety during the first 12 weeks of therapy with a regimen of 300 mg ATV/100 mg RTV once daily in combination with 1,000 mg SQV twice daily in the absence of RTIs in multiply pretreated HIV-1-infected adults.
MATERIALS AND METHODS

Patients.
Forty-nine patients with limited options for therapy with RTIs were treated with ATV/RTV (300/100 mg once daily) and SQV (1,000 mg twice daily) without the addition of RTIs (group 1). These patients had a long treatment history (Table 1) and had experienced either toxicities or viral resistance, especially following the intake of RTIs. Two groups of patients who were predominantly antiretroviral treatment-naïve served as controls: group 2 consisted of 72 patients taking 300 mg ATV/100 mg RTV plus two or three NRTIs, and the 90 patients in group 3 received 1,000 mg SQV/100 mg RTV twice daily, also in combination with two or three NRTIs. All patients taking SQV mesylate in this study randomly received either the soft-gelatin capsule (as Fortovase; Hoffman-La Roche, Basel, Switzerland; n ϭ 61) or the hard-gelatin capsule (Invirase; Hoffman-La Roche, Basel, Switzerland; n ϭ 78). The choice of soft-or hardgelatin capsules was not part of the study design, but given by the assignment of an individual patient to one of the presently available formulations during the transition of commercial availability from Fortovase to Invirase during the study period.
There were no CD4 cell count or viral load restrictions included in this study in any of the three treatment groups. HIV-1 RNA was measured using a COBAS AmpliPrep/COBAS TaqMan HIV-1 test (Roche Diagnostics, Mannheim, Germany) with a quantification range of 50 to 10,000,000 copies/ml. PI therapyexperienced patients were made eligible for the ATV/SQV/RTV therapy regimen after the interpretation of genotypic-resistance testing (according to the International AIDS Society-USA Drug Resistance Mutations Group algorithm) (22) showed sufficient susceptibility of the patient's HIV-1 virus to the therapy compounds.
Patients completed a 12/24-h pharmacokinetic measurement following a standardized pharmacokinetic protocol which is used for all outpatients (47) . Pharmacokinetic data were assessed for samples from all patients who started with a Routine liver function tests during the study assured that patients with hepatic impairment defined by Child-Pugh classification B or C and patients receiving comedication with CYP3A4/5 enzyme inhibitors or inducers as well as antacids were not included in the study; this exclusion also included patients treated with antibiotics or antifungals, such as azoles, that are frequently used in therapy for opportunistic infections of HIV patients. An exception was cotrimoxazole, 960 mg taken thrice weekly as a Pneumocystis carinii pneumonia prophylaxis, which is known to have no pharmacological-interaction impact on PI metabolism (31) . Data were obtained as part of the TDM that is regularly performed in the HIV Treatment and Clinical Research Unit at the J. W. Goethe University Hospital, Frankfurt, Germany. Verbal consent for the TDM procedure was obtained from patients and documented in the patients' records. This pharmacokinetic study design is observational; no additional intervention was performed, and ethics approval was not obtained, according to the National Medical Act and the advice of the responsible ethics committee. Nevertheless, patients were individually informed about the TDM procedure and agreed with the documentation of their comedication and compliance.
Study protocol. After at least 2 weeks on the regimen (median of 4 weeks for all groups; mean values are shown in Table 1 ), patients underwent a pharmacokinetic assessment following a standardized protocol at steady-state conditions. The schedule of drug intake was documented by the patients for 3 days prior to the pharmacokinetic assessment. In addition, all concomitant drug intake had to be documented by the patient and physician, including daily intake of herbal agents or nutritive supplements. On the day of the pharmacokinetic assessment, fasting trough levels (C trough ) were obtained immediately before drug intake, followed by a standardized breakfast of about 2,500 kJ (25% from fat; 20 g butter, 50 g bread, 40 g cornflakes, 20 g jam, 150 ml yogurt [3.5% fat], 200 ml apple juice, and 400 ml tea). Plasma samples were then collected at 1, 2, 4, 6, 9, 12, and 24 h after the drug intake; the second daily dose of SQV for patients in group 1 was taken after 12 h.
Pharmacokinetic assay. Plasma concentrations of ATV, SQV, and RTV were determined by validated high-pressure liquid chromatography-tandem mass spectrometry methods (equipment from Merck-Hitachi, Germany, and Applied Biosystems/Canada at Therapia GmbH, Berlin, Germany) that are described elsewhere (28) . The reliable lower limit of quantification was 20 ng/ml, and the linearity of the calibration curve for all tested compounds was proved up to 20,000 ng/ml (3, 28) .
Pharmacokinetic evaluation. Pharmacokinetic calculations were based on plasma concentrations which exceeded the lower limit of quantification. The pharmacokinetic parameters were calculated according to a noncompartmental approach from the 0-to-24-h data and after fitting the data to an open twocompartment model. This model was chosen instead of a one-compartment model after comparison of the quality of the fit according to the Akaike criterion. The minimum concentration (C min ) and C max values of the noncompartmental analysis were read directly from the plasma concentration-time curves of ATV, SQV, and RTV within the standard dosing interval (, specifically 12 or 24 h).
The AUC ss() is obtained with the logarithmic trapezoidal rule. The elimination half-life (t 1/2 ) is calculated from the elimination constant ( z ) with the equation t 1/2 ϭ ln 2 / z (time). The lag time (T lag ) equals the time until resorption of the dose begins.
The T lag and the time of the maximum concentration (T max ) of either substance in blood were obtained by using a two-compartment analysis model. The appropriateness of the pharmacokinetic assessment (8 samples over 24 h) under open conditions in an outpatient center was demonstrated by comparing the robust noncompartmental analysis with the fit to a predefined pharmacokinetic model in which accuracy depends on the closeness of sampling. The accordance of the primary pharmacokinetic variables, as assessed by the noncompartmental analysis, with the results of the two-compartment model after curve fitting was proved by linear regression analysis. The two-compartment model is necessary to evaluate T lag and T max data providing additional information about the resorption and distribution of the compounds in patients if blood assessment during dissolution and absorption of the compounds (0 to 4 h) is limited due to the TDM setting.
All pharmacokinetic analyses were performed with TOPFIT2.0 (16). Pharmacodynamic measurements. The study focused on the pharmacokinetic interaction between the combination partners. Nevertheless, toxicity parameters and adverse events (grade two or more according to the common toxicity criteria Statistical methods. Primary target variables were the AUC ss() , C max , C min , total clearance (CL tot ), t 1/2 , T max , and T lag of ATV, SQV, and RTV. The statistical analysis used the t test to compare the means of the primary target variables. Absence of a significant difference in the levels of ATV, SQV, and RTV exposure between groups was suggested when no significant difference in the geometric mean ratio (GMR), together with a 90% confidence interval, was determined. This statistical procedure follows the current Food and Drug Administration guidelines for in vivo pharmacokinetic evaluation (12) . The sample-size calculation for the comparison between groups was based on the detection of a difference of Ϯ20% in the AUC ss(0-) of ATV/SQV for either control group. A minimum sample size of 45 subjects per group was calculated for a power of 80% and a two-sided significance level of ␣, 0.05, for the analysis of variance (ANOVA) (H. Ackermann, BIAS for Windows, version 7.06, 2004).
The descriptive statistical analyses used SPSS version 11.5 for Windows (2004).
RESULTS
Disposition of patients.
The demographics and characteristics of patients at the therapy baseline assessment were comparable in all groups, except for parameters influenced by the pretreatment history ( Table 1 ). The mean ages were 45.1 (range, 28.0 to 71.0), 41.5 (range, 23.0 to 72.0), and 41.0 (range, 19.0 to 60.0) years for groups 1, 2, and 3, respectively. The majority of patients were male and Caucasian, with comparable body mass indexes and HIV status according to CDC guidelines for diagnosis. The baseline viral loads and CD4 cells counts differed between the groups according to the variability of length and history of pretreatment. The baseline CD4 cell counts exhibited means of 297 (range, 10 to 779) l Ϫ1 , 290 (range, 4 to 1,082) l Ϫ1 , and 138 (range, 1 to 624) l Ϫ1 for groups 1, 2, and 3, respectively (Kruskal-Wallis, P Ͼ 0.001). The baseline viral loads showed a reciprocal relationship, with means of 3.02 (range, 1.28 to 5.88), 3.71 (range, 1.28 to 6.00), and 4.72 (range, 1.28 to 6.00) log 10 copies/ml for groups 1, 2, and 3, respectively (Kruskal-Wallis, P Ͼ 0.001). A higher number of hepatitis B antigen-positive or hepatitis C virus PCRpositive patients was found in group 2 (25%) at the baseline assessment, but clinical and laboratory anamneses detected neither markedly elevated liver enzymes (Ͼtwofold the upper limit of normality [ULN]) nor signs of cirrhosis (Child-Pugh B or C) in these patients (Table 1) . In contrast to the control groups, most of the patients in the ATV/SQV/RTV group (group 1) were multiply pretreated patients who had experienced prior treatment failure with RTIs. In groups 1, 2, and 3, 89.8, 62.5, and 14.4%, respectively, of the patients were PI experienced. The mean numbers of previously taken PIs were 2.3, 1.8, and 1.4 for groups 1, 2, and 3, respectively. A considerable number of patients experienced a structured-treatment inhibition prior to the boosted double-PI therapy (28.6% and 12.5% of groups 1 and 2), whereas 75.6% of patients in group 3 were treatment naïve at the baseline assessment. The assignment of patients to either formulation of SQV mesylate was slighly uneqally distributed in groups 1 and 3, as 36.7% of patients received the soft-gelatin capsule formulation (Fortovase) and 63.3% of patients received the hard-gelatin formulation (Invirase) in group 1, and 47.8% of patients received the soft-gelatin capsule formulation and 52.2% of patients received the hard-gelatin formulation in group 3. This represents no significant difference between the groups (Fisher's exact test of Fortovase/Invirase versus groups 1/3, P ϭ 0.283). Table 2 shows all pharmacokinetic results given as GMs (90% confidence interval [CI]) and GMRs (including P values for the ANOVA). The measured plasma concentrations of SQV showed a considerable difference over the entire 12-h dosing interval (Fig. 1A) : the GM (90% CI) of the AUC ss of SQV was 22,794 (range, 19,959 to 26,032) ng ⅐ h/ml in group 1 versus 15,759 (range, 13,880 to 17,892) ng ⅐ h/ml in group 3 (GMR ϭ 1.45; P ϭ 0.012) and the GM of the C max was 3,257 ng/ml for group 1 versus 2,331 ng/ml for group 3 (GMR ϭ 1.40; P ϭ 0.014). By contrast, the GM of the C min did not vary between group 1 (438 ng/ml) and group 3 (437 ng/ml), although SQV was taken without RTV the evening before the pharmacokinetic assessment. Furthermore, the GM of the t 1/2 of SQV was significantly prolonged when ATV was coadministered (4.53 h for group 1 versus 3.86 h for group 3; GMR ϭ 1.17; P ϭ 0.023).
The ATV plasma levels in patients differed moderately between groups 1 and 2, without reaching a level of statistical significance. The GM (90% CI) of the AUC ss of ATV was 39,154 ng ⅐ h/ml (range, 34,255 to 44,752) for group 1 versus 33,626 ng ⅐ h/ml for group 2 (range, 31,143 to 38,431) with a GMR of 1.16 (Table 2 and Fig. 1B) . The GM of the C max of ATV was 3,488 ng/ml for group 1 versus 2,924 ng/ml for group 2 (GMR ϭ 1.20). The CL tot (range, 132 versus 149 ml/min; GMR ϭ 0.89) and the C min (515 versus 428 ng/ml; GMR ϭ 1.21) did not present significant differences.
Low-dose RTV in both groups resulted in only marginally higher RTV plasma concentrations in the presence of ATV, without reaching statistical significance. The GMs (90% CI) of the AUC ss of RTV were 8,100 ng ⅐ h/ml for group 1 (range, 7,076 to 9,270) and 8,450 ng ⅐ h/ml for group 2 (range, 8,239 to 9,586), compared to 6,899 (range, 6,286 to 7,573) ng ⅐ h/ml for group 3 (Table 2, Fig. 1C ). The significant difference in the C min values of RTV was due to the different dosing intervals in all groups. When combined with ATV/SQV or ATV/NRTI, RTV was dosed once daily, and together with SQV/NRTI, twice daily. Therefore, the GMs (90% CI) of the C min of RTV were 29 (range, 24 to 35) ng/ml for group 1 and 50 (range, 47 to 58) ng/ml for group 2, versus 231 (range, 208 to 251) ng/ml for group 3 (GMR ϭ 0.58 for group 1 versus 2 and GMR ϭ 0.13 for group 1 versus 3; P Ͻ 0.001).
Statistically significant differences were detected by the twocompartment model for the T max of RTV, which exhibited a considerable reduction in the presence of ATV. The T max was reached at 2.67 and 2.70 h for groups 1 and 2 versus 3.34 h for group 3 (GMR ϭ 0.80 and 0.81, respectively; P ϭ 0.007).
We found a strong correlation between the values for the AUC ss , which is the primary parameter, for all PIs derived from the noncompartmental analysis and those estimated by fitting to the curve in a two-compartment model. The linear regression analysis of the AUC ss values produced a mean r 2 of 0.97 (standard deviation [SD] ϭ 0.032) for ATV, a mean r 2 of 0.98 (SD ϭ 0.019) for SQV, and a mean r 2 of 0.95 (SD ϭ 0.041) for RTV.
No impact of the formulation taken as Fortovase/Invirase, dichotomized as 0 or 1, on minimum concentrations in plasma (ANOVA, P ϭ 0.32) or the AUC ss (P ϭ 0.85) of SQV was seen. Chronic thrice-weekly intake of 960 mg cotrimoxazole, dichotomized as 0 (no intake) or 1 (intake), also had no significant impact on the C min (ANOVA, P ϭ 0.57) or AUC ss (ANOVA, P ϭ 0.32) of SQV.
Sex and weight tested in a Spearman regression analysis were correlated with the C min (r 2 ϭ 0.23 and P ϭ 0.001 for weight/C min ), C max (r 2 ϭ 0.19 and P ϭ 0.006 for weight/C max ; r 2 ϭ 0.19 and P ϭ 0.007 for sex/C max ), and AUC (r 2 ϭ 0.16 and P ϭ 0.020 for weight/AUC; r 2 ϭ 15 and P ϭ 0.033 for sex/ AUC) of RTV but not with the plasma concentrations of SQV or ATV. However, taken as regressors in a multilinear regression analysis, these parameters had no significant influence on the pharmacokinetics of either PI. The CD4 cell count, which exhibited marked differences between the groups, was not correlated to the C min , C max , or AUC of either PI in the Spearman regression analysis.
Subgroup analysis of ATV/tenofovir comedication. A subgroup analysis of group 2 tested for the differences in ATV plasma exposure between patients who received ATV with and those who received it without tenofovir as part of the NRTI comedication. As contradictory data have been published concerning the supposed decreasing influence of tenofovir coadministration on ATV plasma levels (15-17), we compared patients (n ϭ 53) who took tenofovir with patients (n ϭ 19) who did not receive tenofovir. The differences detected were marginal: the GM (90% CI) of the AUC ss of ATV was 32,487 (range, 26,850 to 39,308) ng ⅐ h/ml when tenofovir was coadministered versus 34,076 (range, 30,022 to 38,677) ng ⅐ h/ml without tenofovir (GMR ϭ 0.95; P ϭ 0.421). This was also reflected by the following: the GM (90% CI) of the C max was 2,747 (range, 2,283 to 3,301) ng ⅐ h/ml versus 2,954 (range, 2,595 to 3,362) ng/ml (GMR ϭ 0.93; P ϭ 0.461) and the GM of the C min was 452 (range, 331 to 619) versus 399 (range, 333 to 478) ng/ml (GMR ϭ 1.13; P ϭ 0.661).
Safety results from the first 3 months of therapy. All grade 2, 3, and 4 adverse events or laboratory abnormalities occurring during the first 12 weeks of therapy, recorded simultaneously with the pharmacokinetic assessment, are listed in Table 3 . Two cases of bilirubin elevation of Ͼ2.5 ULN and jaundice were reported in group 1 (ATV/SQV/RTV) during the first 12 weeks of the study, causing early termination of treatment in one case. The comparison of the control groups showed a significant increase in the incidence of grade 3 or 4 bilirubin elevation and jaundice in group 2, taking ATV/RTV plus nucleosides (n ϭ 5), while no such case occurred in group 3, taking SQV/RTV plus nucleosides (Pearson 2 , P ϭ 0.047). Group 3, taking SQV/RTV, exhibited higher numbers of severe constitutional symptoms (n ϭ 7), such as chronic asthenia and insomnia, which occurred in only one patient in each of the other groups (Pearson 2 , P ϭ 0.028). As patients in group 3 also exhibited a much lower CD4 cell count and a higher viral load at the baseline assessment, the constitutional symptoms were most likely due to the immunological status of these patients.
Regarding AIDS-defining diagnoses, two new cases of Kaposi's sarcoma were diagnosed in both control groups and one case of Pneumocystis carinii and one case of cytomegaly virus pneumonia, which were already suspected at the time of the Regarding non-AIDS-related infections, eight patients in group 3 had an oral and/or pharyngeal Candida albicans infection, compared to only one patient in each of groups 1 and 2 (Pearson 2 , P ϭ 0.050), at the start of therapy. All cases were treated and resolved within 4 weeks. The pharmacokinetic assessments in these patients took place at least 2 weeks after the cessation of fluconazole therapy. Three cases of herpes zoster infection (Pearson 2 , P ϭ 0.054) and two cases of syphilis infection (Pearson 2 , P ϭ 0.144) occurred in group 2, but none were recorded in the other two groups.
DISCUSSION
Our study focused on the pharmacokinetic interactions and possibly related adverse events of a three-drug combination of 300 mg ATV/100 mg RTV once daily plus 1,000 mg SQV twice daily in the absence of RTIs.
Boffito et al. (3) recently published pharmacokinetic data from a once-daily regimen containing boosted SQV/ATV/ RTV (1,600/300/100 mg). SQV and RTV levels were enhanced significantly in this regimen, while differences in the ATV plasma exposure were not tested. One result of this pharmacokinetic study was the relatively low plasma levels of SQV (the GM of the C trough was 184 ng/ml and the GM of the AUC was 29,445 ng ⅐ h/ml) over the dosing interval of 24 h compared to levels with the twice-daily dosing with 1,000 mg SQV (the GM of the C min was 438 ng/ml and the GM of the AUC ss was 22,794 ng ⅐ h/ml for 12 h) described above. Another previously conducted study with a combination of unboosted 1,200 mg SQV/400 mg ATV plus NRTIs once daily resulted in the plasma concentrations of SQV dropping below the proposed minimum therapeutic concentration and insufficient viral suppression in highly treatment-experienced patients (42; E. Seminari et al., presented at the Second International AIDS Society Conference on HIV Pathogenesis and Treatment, Paris, France, 2003). These patients also received tenofovir-disoproxilfumarate (DF) as part of the NRTI backbone, which is known to impair the plasma concentrations of unboosted ATV, as previously described (24; G. H. Kruse et al, presented at the Fifth International Workshop on Clinical Pharmacology of HIV Therapy, Rome, Italy, 2004). Therefore, we investigated the three-way pharmacokinetic interactions between ATV, SQV, and low-dose RTV in a twice-daily dosage regimen without the coadministration of NRTIs in therapy-experienced patients in an observational HIV cohort.
Pharmacokinetics of ATV/RTV plus SQV. The key findings of the pharmacokinetic analysis were the significant enhancement of plasma concentrations of SQV and a moderate enhancement of the AUC of ATV when coadministered in this regimen. The overall levels plasma exposure of the booster, RTV, were comparable for all groups, although it was taken once daily when combined with ATV.
Although Kilby et al. (25) showed that RTV doses between 100 mg and 400 mg had equally distinct enhancing effects on SQV plasma concentrations, suggesting a saturation of the boosting effect, we detected significantly increased SQV concentrations in the presence of ATV in our study.
Two findings in this study are most likely to explain these results. First, the SQV elimination half-life was significantly prolonged in the presence of ATV and correlated with ATV plasma concentrations (Spearman's for the t 1/2 of SQV correlated to ATV, P Ͼ 0.001 and r 2 ϭ 0.54 for the C min , P ϭ 0.002 and r 2 ϭ 0.43 for the C max , and P ϭ 0.001 and r 2 ϭ 0.45 for the AUC), suggesting an enhanced hepatic CYP3A4/5 inhibition by ATV.
Secondly, a shorter T lag and an earlier T max of RTV in the presence of ATV are markers of a faster absorption, leading to an earlier beginning and therefore a prolonged pharmacokinetic-enhancing effect of RTV on SQV over almost the entire dosing interval (Spearman's for the t 1/2 of SQV correlated with RTV T lag , P ϭ 0.050 and r 2 ϭ 0.17, and T max , P ϭ 0.047 and r 2 ϭ 0.17). The assumption of an enhanced absorption of SQV is supported by the work of Sinko et al., who demonstrated that the inhibition of intestinal but not hepatic CYP3A4/5 contributed significantly to the bioavailability of SQV in rabbits (44) . As SQV is a fast-extracted drug with a comparably low and variable bioavailability, influencing the net absorption in the intestine considerably increases plasma drug concentrations (43, 50) . In addition, recent works by Lucia et al. and Perloff et al. (30, 38) showed an in vitro inhibitory effect of ATV on Pglycoprotein, which may also play a role in altering the bioavailability of SQV, which is a known substrate of this transporter of drugs across different cell barriers.
A further result of our study was that the C trough of SQV at steady state exhibited values comparable to those of a twicedaily SQV/RTV intake. The once-daily intake of RTV together with ATV sufficiently enhanced the SQV plasma concentrations over both daily dosing intervals, although the C min of SQV showed none of the differences detected in the C max and AUC.
As a result, the dosage of RTV can be reduced to 100 mg once daily in this combination of drugs, lowering the pill burden and possibly RTV-induced side effects, especially in the intestine, without jeopardizing the efficacy of this therapy regimen.
At the same time, we measured the GMRs of the C min (GMR ϭ 1.21), C max (GMR ϭ 1.20), and AUC (GMR ϭ 1.16) of ATV when combined with SQV compared to the GMRs in the control group. This result is not statistically significant and is of limited clinical relevance for the first 3 months of therapy, since higher ATV plasma concentrations were not correlated with more contemporary side effects (for the comparison between groups 1 and 2, see Table 3 ). In general there are various examples for drug-drug interactions in PI combinations that were described but not sufficiently explained. This is especially the case for RTV, which autoinduces its own metabolism and inhibits the metabolism of other participating PIs (18, 25, 26; Norvir product information, Ref. 03-2337-R17-Rev., 2001, Abbott Laboratories, Chicago, IL) if it is mutually boosted by the comedication in a multiple-antiretroviral therapy which contains more than two PIs. This is not only due to the fact that all PIs are substrates of CYP450. Furthermore, still-unknown mechanisms of interaction of the cytochromes or drug transporters such as P-glycoprotein in the gastrointestinal mucosa or the target tissues may play a role, possibly influencing the resorption and distribution of SQV and ATV to different human compartments. The re-sults of several studies have shown that, at least, the plasma concentrations of SQV as a substrate of P-glycoprotein are influenced by genotypes encoding P-glycoprotein expression in human cells or P-glycoprotein inhibition by comedication (19, 20, 33, 36, 37, 39, 44, 51) , and not much is known about such interactions for ATV so far. As MDR-1 or CYP genotyping was not done for our patients, we cannot exclude a bias concerning P-glycoprotein or CYP3A4/5 expression in the gastrointestinal mucosa or hepatocytes.
ATV levels lower than those from previously published data. Another result of this investigation was the measurement of the plasma concentrations following 300 mg of boosted ATV once daily, which showed levels generally lower than those previously reported (3, 5; Reyataz product information, F1-B001-06-03, 2003, Bristol-Myers Squibb Company, Princeton, NJ). A reason for this could be the different setting of the pharmacokinetic assessments, which in our study took place after a median of 4 weeks on therapy. The period from baseline to pharmacokinetic assessment in other studies was shorter (3), and a decline of the C trough of ATV over time was detected, if repeatedly assessed (G. Kruse et al., presented at the Fifth International Workshop on Clinical Pharmacology of HIV Therapy, Rome, Italy, 2004). As a result, our patients may have exhibited lower ATV levels due to the extended autoinduction of CYP3A4 in liver and gastrointestinal mucosa.
The concomitant intake of tenofovir-DF also has to be discussed as a reason for lower ATV plasma concentrations. Previous analyses investigating potential interactions of 300 mg tenofovir-DF and boosted ATV showed only slightly decreased ATV plasma levels in the presence of tenofovir-DF, not reaching statistical significance (24, 48; G. Kruse et al., presented at the Fifth International Workshop on Clinical Pharmacology of HIV Therapy, Rome, Italy, 2004). These results correspond with the data of our subgroup analysis showing almost no difference in ATV plasma concentrations when combined with tenofovir-DF or without it. As these data were generated as part of an observational study not addressing this question, it is not suitable to draw any further conclusions. However, it is demonstrated that, at least in this study, there is no bias caused by the concomitant intake of tenofovir with boosted ATV.
Safety of ATV/RTV plus SQV. The higher ATV plasma concentrations in the double-PI regimen were not correlated with a higher rate of acute gastrointestinal or hematological side effects. However, as Barrios et al. detected a significant correlation of transient hyperbilirubinemia to the C min of ATV at week 12 of therapy (1) and Zhang et al. described the inhibitory potency of ATV for UDP-glucuronyltransferase (52), patients should be monitored for hyperbilirubinemia. A correlation with high ATV plasma levels was not detected, and genotypic screening for the homozygous UGT1A1*28 allele or the MDR-1 3435 C3T polymorphism, which were shown to be the most likely reasons for episodes of hyperbilirubinemia or jaundice in patients (40, 41) , was not done in this study.
The markedly higher plasma exposure of SQV was not related to a considerable hyperlipidemic effect until week 12 of therapy, which was in accordance with other study results (E. Seminari et al., presented at the Second International AIDS Society Conference on HIV Pathogenesis and Treatment, Paris, France, 2003). However, higher SQV levels may also cause an increased rate of gastrointestinal side effects, as RTV does, although the AUC ss of RTV, for instance, is still much lower than that with the therapeutic dosage (26) . Four patients in each group taking ATV/RTV plus either SQV or RTIs (Pearson 2 , P ϭ 0.113) suffered from severe but reversible episodes of diarrhea, and none of the patients stopped therapy because of these side effects as of week 12. The markedly higher numbers of constitutional symptoms in group 3 (SQV/ RTV) are most likely due to a multifactorial genesis and the immunological status of a comparably low CD4 cell count and a high viral load of patients of group 3. Again, no correlation was detected between these symptoms and the plasma levels of the PIs. The clinical investigation is still ongoing and definitive conclusions about the clinical impacts of this therapy regimen cannot yet be drawn.
Summary. Although observational outpatient studies are not commonly used to investigate drug-drug interactions, this sampling strategy is appropriate to pharmacokinetic evaluation and keeps as close as possible to real-life conditions. The sizes of 968 ATV, 973 SQV, and 1,598 RTV samples should limit the influence of intraindividual variability on the results, which has been reported recently for the repeated sampling of PI levels at single time points in a small number of patients (34) . This was reflected by the normal distribution of values for all time points and the AUC ss in the tested groups. The appropriateness of the data fit to a pharmacokinetic two-compartment model and the concordance of the results with other studies corroborate the scientific approach to clinical pharmacokinetics under ambulatory conditions.
If plasma drug levels are seen as an important reason for therapeutic drug monitoring and a predictive marker for therapy outcome, then these results point towards the potential benefit of therapeutic drug monitoring for the individual patient.
Finally, we can state that 300 mg ATV/100 mg RTV once daily plus 1,000 mg SQV twice daily is a boosted double-PI combination of virologically potent compounds with preferable pharmacokinetics, considerable short-term safety, and a divergent resistance profile. This new therapy regimen should be clinically evaluated for its long-term safety and efficacy and compared to other boosted double-PI regimens, such as SQV/ lopinavir/RTV.
